The reduction of CO 2 emissions associated with vehicle use is an important element of a global transition to sustainable mobility and is a major long-term challenge for society. Vehicle and fuel technologies are part of a global energy system, and assessing the impact of the availability of clean energy technologies and advanced vehicle technologies on sustainable mobility is a complex task. The global energy transition (GET) model accounts for interactions between the different energy sectors, and we illustrate its use to inform vehicle technology choices in a decarbonizing economy. The aim of this study is to assess how uncertainties in future vehicle technology cost, as well as how developments in other energy sectors, affect cost-effective fuel and vehicle technology choices. Given the uncertainties in future costs and efficiencies for light-duty vehicle and fuel technologies, there is no clear fuel/vehicle technology winner that can be discerned at the present time. We conclude that a portfolio approach with research and development of multiple fuel and vehicle technology pathways is the best way forward to achieve the desired result of affordable and sustainable personal mobility. The practical ramifications of this analysis are illustrated in the portfolio approach to providing sustainable mobility adopted by the Ford Motor Company.
Introduction
Global climate change, caused by increasing levels of greenhouse gases (GHG) in the Earth's atmosphere resulting from human activities [1] is a major issue of current concern. CO 2 released during fossil fuel combustion and deforestation is the largest contributor to radiative forcing of the climate system [1] . The United Nations Framework Convention on Climate Change has been ratified by 192 countries and calls for stabilization of greenhouse gas concentrations in the atmosphere at a level that would -prevent dangerous anthropogenic interference with the climate system‖ [2] . There is no consensus on a precise level of CO 2 in the atmosphere that would prevent such interference, but Rogelj et al. [3] show that the two degree target can be met with at least fifty-fifty chance if the CO 2 -eq emissions is halved by 2050 and reduced by 75% by 2100 compared to year 2000. In this study we follow CO 2 reduction curves presented by Wigley et al. [4] consistent with stabilization of CO 2 concentration in the Earth's atmosphere at various levels, mainly focusing on 450 parts per million (ppm). Since the curve towards 450 ppm has a similar relative reduction in CO 2 emissions as the CO 2 -eq emissions presented by Rogelj et al. [3] , we assume that these CO 2 emissions are broadly in line with those having an approximately 50% chance of meeting the two degree target.
Efforts to stabilize atmospheric CO 2 levels are complicated by many considerations, not least of which being the fact that CO 2 emissions are spread across different geographic regions and economic sectors (e.g., industrial, residential, commercial, transportation). The pie charts on the top of Figure 1 show (from left to right) a breakdown of U.S. emissions into end-use sectors (e.g., commercial, residential, and transport) and a breakdown of emissions from the U.S. transportation sector into different transportation modes (e.g., light-duty trucks, passenger cars, and aircraft). The pie charts on the bottom of Figure 1 show comparable data for the 29 European countries (the EU-27 countries: Austria, Belgium, Bulgaria, Cyprus, Czech Republic, Denmark, Estonia, Finland, France, Germany, Greece, Hungary, Ireland, Italy, Latvia, Lithuania, Luxembourg, Malta, Netherlands, Poland, Portugal, Romania, Slovenia, Slovakia, Spain, Sweden, and United Kingdom; plus Norway and Switzerland). Data for these charts were obtained from the U.S. Environmental Protection Agency, the U.S. Energy Information Agency, the European Environment Agency, and TREMOVE 3.3.2 as described elsewhere [5] . As evident from Figure 1 , passenger vehicles (cars and light-duty trucks) in the USA and EU-29 are responsible for approximately 65% × 33% × 18% = 4% and 74% × 26% × 14% = 3% of global fossil fuel CO 2 emissions, respectively. On a global basis, in 2009 light-duty vehicles were responsible for approximately 3.1 gigatonnes CO 2 (10 9 tonnes, Gt) (estimated from the World Business Council for Sustainable Development's Sustainable Mobility Project (SMP) model [6] ), which represents about 10% of the approximately 31 Gt of global fossil fuel and cement CO 2 emissions [7] . The complete elimination of all emissions from light-duty vehicles would result in an approximately 10% reduction in global emissions, which is less than one third of the reduction needed by 2050 to follow an emissions pathway consistent with stabilization at 450 ppm. Stabilization of CO 2 at 450 ppm will require actions in many geographic regions and many different economic sectors, which raises the question of how to distribute the task amongst the sectors and regions. Focusing on the sector issue, there are in principle two approaches: all economic sectors face the same percentage reduction, or putting all sectors under the same cap and then letting the market find the lowest cost solution. The first approach is conceptually the simplest, but is more expensive as it ignores differences in carbon mitigation costs in different sectors. The second is economically more efficient and may, in fact, be easier to implement as an overall carbon tax or cap-and-trade system does not distinguish between sectors nor is sector specific control needed.
To provide a tool for decision makers, we developed a global energy model (GET-RC 6.1) that includes a detailed description of passenger vehicle technology options [5, [8] [9] [10] [11] [12] [13] ] (Details of the scientific studies behind the mathematical representation of the global energy transition (GET) model are provided by Azar et al. [8] [9] [10] ). It is important to understand the fuel and vehicle technology choices available for passenger vehicles and how these might fit into the larger global energy system. For example, it is important to understand how the availability of carbon capture and storage (CCS) and low-CO 2 electricity from renewable sources such as concentrating solar power (CSP) may influence the cost-effective fuel and vehicle technology choices in a future carbon constrained world. There have been few global long-term energy systems studies that include detailed descriptions of the range of available light-duty vehicle technologies [14] [15] [16] [17] [18] [19] [20] . The development of a robust business strategy consistent with climate protection provides guidance for long-term product development decisions and can provide a competitive advantage for a global automobile manufacturer.
The vehicle technology cost cases presented here build upon and extend the existing body of published analyses from the GET-RC 6.1 model [5, [11] [12] [13] . Specifically, we consider here a much wider range of hydrogen storage costs and fuel cell stack costs than in our previous work. Based on U.S. Department of Energy targets [21, 22] , we have extended the range of storage costs from $1,500/GJ down to $500/GJ and fuel cell stack costs from $65/kW down to $45/kW in the model. The aim of this study is to assess how uncertainties in future vehicle technology costs affect technology adoption and to what extent developments in other energy sector affects the cost-effective fuel and technology choices for light-duty vehicle options. We illustrate the utility of the GET-RC 6.1 model in informing vehicle technology decisions.
Model Description
The linear programming (LP) GET model constructed by Azar, Lindgren, and co-workers [8] [9] [10] covers the global energy system and is designed to meet exogenously-given energy demand levels, subject to a CO 2 constraint, at the lowest system cost (all costs are in US$). Figure 2 shows a graphic depicting the main features in the model. The mathematical description of the model is given in the Supporting Information. In this section, we discuss assumptions and limitations of the GET model around the structure, energy demand, primary energy sources, emission factors, cost data, constraints, and personal transportation. The basic flow chart of supply and fuel choices in GET-RC 6.1. Labels used: hydrogen (H2), electricity (ELEC), low and high temperature heat for the residential, service, agricultural, and industrial sectors (HEAT), natural gas as transportation fuel (NG FOR TRSP), diesel and gasoline (PETRO) and synthetic fuels for aviation (AIR FUEL). Note that electricity and hydrogen can loop back to the energy conversions module allowing electricity to generate heat and/or hydrogen and allowing hydrogen to generate electricity and/or heat.
Model Structure
In the model, the world is treated as ten distinct regions with unimpeded movement of energy resources between regions (with the exception of electricity) with costs ascribed to such movement. We aggregate regional solutions to supply global results and constrain global CO 2 emissions to be consistent with stabilization of atmospheric CO 2 concentration at 450 or 550 ppm [4] . The model does The description of the energy system in the model is a simplification of reality in at least five important respects: (i) consideration of limited number of technologies; (ii) assumption of price-inelastic demand; (iii) selections made only on the basis of cost; (iv) -perfect foresight‖ with no uncertainty of future costs, climate targets, or energy demand; and (v) no consideration of the importance of energy security, local air quality, or other benefits of new technologies. The model does not predict the future and is not designed to forecast the future development of the energy system. Nevertheless, the model is a useful tool to understand the system behavior and the interactions and connections between energy technology options in different sectors in a future carbon-constrained world.
Energy Demand
Energy demand is divided into three sectors: (i) electricity; (ii) transportation; and (iii) -heat‖. Heat comprises all stationary uses of energy except for those associated with generating electricity or transportation fuels. The current study emphasizes personal transportation in light-duty vehicles. Regional energy demand in the model is derived by combining World Energy Council projections of global population (increasing to 10 billion in 2050 and 11.7 billion in 2100) and estimates of the development of per capita income (IIASA/WEC scenario C1) [23] , as well as assumptions regarding the activity demand (e.g., person-km, pkm, for personal transportation) associated with a given per capita income. For more details regarding the derivation of regional energy demand see Azar et al. [8] .
Primary Energy Sources and Emission Factors
Biomass raw material cost was assumed to be $4/GJ in Europe and the Former Soviet Union, $3/GJ in North America, Australia, and Japan, and $2/GJ in all other areas. We have chosen to follow the regional biomass supply potentials described in Johansson et al. [24] adding up to a global potential of 205 EJ/y. This potential is similar to an estimation by the Organization for Economic Cooperation and Development of 245 EJ [25] . Hoogwijk [26] also presents a similar biomass supply potential. For four different scenarios and two biomass production cost levels (lower than $2/GJ and lower than $4/GJ), Hoogwijk [27] estimated the global supply potential to lie in the range of 130-439 EJ/y (with a mean value of 253 EJ/y) by the year 2050. The GET-RC 6.1 model includes global ultimately recoverable resources of oil, gas, and coal of approximately 12,000 EJ (2 trillion barrels), 11,000 EJ (300 trillion m 3 ), and 265,000 EJ (10 trillion tonnes hard coal), respectively. To account for reserve growth, the supply potentials for oil and natural gas are approximately 50% higher than current estimates of economically-recoverable, conventional reserves [27] . We use the following CO 2 emission factors: natural gas: 15.4, oil: 20.5, and coal: 24.7 kgC/GJ [28] . We assume that future use of nuclear, hydro, wind, biomass, and solar energy contribute negligible CO 2 emissions.
Cost and Performance Data
Data for vehicle technology, as well as conversion plants and infrastructure (e.g., investment costs, conversion efficiencies, lifetimes, and capacity factors) are held constant at their -mature levels‖: for details see the supporting information in Grahn et al. [12] and Wallington et al. [13] . We assume mature technology costs throughout the time period considered. The model was tested to confirm that this assumption did not lead to an unduly rapid adoption of technologies. We further assume that all technologies are available in all regions. All prices and costs are in real terms as future inflation is not considered. A global discount rate of 5% per year was used for the net present value calculations. There are significant uncertainties inherent in estimating future technology costs, and the cost assumptions continue to be revised as further information becomes available.
Constraints
Constraints on how rapidly changes can be made in the energy system have been added to the model to avoid solutions that are obviously unrealistic. This includes constraints on the maximum expansion rates of new technologies (in general, the constraints are set so that it takes 50 years to change the entire energy system), as well as annual or total extraction limits on the different available energy sources.
The contribution of intermittent electricity sources (wind and solar photovoltaic) is limited to a maximum of 30% of the electricity use. Concentrated solar power (CSP) is considered non-intermittent [12] and available for all regions except Former Soviet Union (which is a region without access to sufficient direct solar insolation). To simulate the actual situation in developing countries, a minimum of 30 EJ/y of the heat demand is required from biomass during the first decades. For carbon capture and storage (CCS), we assumed a storage capacity of 600 GtC [29] , a maximum rate of increase of CCS of 100 MtC/y and negligible leakage of stored CO 2 . The future role of nuclear energy is primarily a political decision and will depend on several issues such as safety, waste disposal, questions of nuclear weapons proliferation and public acceptance. We assume that the contribution of nuclear power does not exceed current levels. The cost and CO 2 attributes of CSP assumed in the model are similar to those of nuclear power and hence CSP serves to some degree as a proxy for additional nuclear power.
Personal Transportation
Gasoline and diesel fuels are not differentiated but collectively described as petroleum (petro). We consider five fuel options: petro, natural gas (NG), synthetic fuels (coal to liquid, CTL; gas to liquid, GTL; biomass to liquid, BTL), electricity, and hydrogen (H 2 ). We also take into account five vehicle technologies: internal combustion engine vehicles (ICEVs), hybrid electric vehicles (HEVs), plug-in hybrid electric vehicles (PHEVs), battery electric vehicles (BEVs), and fuel cell vehicles (FCVs).
The relative efficiency values used in the model were derived from published studies as discussed elsewhere [12, 13] . For consistency and simplicity, we assume the relative efficiency of PHEVs when powered by electricity is the same as BEVs. In the model, each PHEV energy fraction is handled separately. An all-electric battery range of 65 km was adopted for PHEVs, which enables approximately two-thirds of their daily driving distance to be powered by electricity from the grid on a single overnight charge. HEVs have a relatively short all-electric range (we assume 2 km). The all-electric range was set to 200 km for BEVs. Results from cases in which a range of 100 km was assumed for BEVs are presented elsewhere [30] . Powertrain types and efficiencies for freight trucks were updated to be consistent with those assumed in the car sector. Table 1 provides the incremental cost data relative to internal combustion engine vehicles powered by petroleum (Petro ICEV) for the twelve vehicle technology cases considered in the present work [12, 13] . These incremental costs are estimated for the technologies in their -mature‖ state. We have estimated the incremental vehicle costs from the battery, hydrogen storage, natural gas storage, and fuel cell stack component costs. This approach ensures internal consistency between the cost assumptions for competing vehicle technologies (e.g., that we have the same battery cost assumption in all vehicles in a given scenario). Fuel storage is a significant component of vehicle cost for vehicles running on natural gas, hydrogen, and batteries. As vehicle fuel consumption is assumed to steadily decline over the study period for all vehicle types (reflecting, for example, aerodynamic and weight actions), energy storage requirements for the assumed 500-km range also decline proportionally. To estimate vehicle costs in GET-RC 6.1, we assume energy storage costs consistent with fuel consumption for each vehicle type in the year 2050, assuming a globally-averaged vehicle size (consistent with 2.45 MJ/km for Petro ICEVs). Model runs assessed the sensitivity to variation of the following: battery costs from $150/kWh (goal for long-term commercialization set by the U.S. Advanced Battery Consortium [31] ) to $450/kWh (above which the model results were insensitive to battery cost); hydrogen storage costs from $500/GJ (US Department of Energy target for 2015) to $4,500/GJ (above which the model results were insensitive to hydrogen storage cost and comparable to current estimates [22] ); and fuel cell stack cost from $45/kW to $125/kW. Petro FCV 4,500 6,000 6,000 6,000 6,000 6,000 6,000 3,500 6,000 7,500 5,700 6,300
Synth FCV 4,500 6,000 6,000 6,000 6,000 6,000 6,000 3,500 6,000 7,500 5,700 6,300 H2 FCV 4,900 5,000 5,400 5,700 6,400 7,000 7,700 3,900 6,400 7,900 5,400 6,000 a : taken from Grahn et al. [12] .
The data in Table 1 are based on literature estimates of potential mature technology costs that we equate to costs in 2030-2050 [12, 13] . It is unclear whether these costs will be realized in the future. The technology costs were assumed to remain constant during the entire time period modeled. While it is clearly not appropriate to use mature costs for advanced technology during the beginning of the time period, this assumption did not compromise the study because advanced technologies are not initially required to meet the CO 2 constraints, and so were not selected by the model in the beginning of the time period. The base passenger vehicle with a conventional, internal-combustion engine powered by petroleum is set to $20,000. The incremental cost for a comparable vehicle powered instead by synthetic fuel (e.g., biofuel) is set to $100 for component modifications required to make the vehicle compatible with such fuels. For consistency the incremental costs for other synthetic-fuel vehicles were increased by $100 relative to the comparable petroleum-powered vehicle. Costs for alternative powertrain and alternative fuel technology in freight trucks were updated to be consistent with those assumed in the car sector.
Results
The GET-RC 6.1 model has been developed to investigate cost-effective fuel and vehicle technology options for passenger vehicles consistent with stabilization of atmospheric CO 2 . We have investigated the sensitivity of the results to seven different input parameters: CO 2 stabilization target concentration (ppm), battery cost ($/kWh), H 2 storage cost ($/GJ), fuel cell stack cost ($/kW), natural gas storage cost ($/GJ), availability of carbon capture and storage (CCS), and availability of concentrating solar power. We have considered five CO 2 stabilization targets (400, 450, 500, 550 ppm, or no CO 2 constraint), three battery costs ($150, $300, or $450/kWh), six H 2 storage costs ($500, $1,000, $1,500, $2,500, $3,500, or $4,500/GJ), four fuel cell stack costs ($45, $65, $95, or $125/kW), three natural gas storage costs ($1,000, $1,150, or $1,300/GJ), carbon capture and storage (CCS) available or not, and concentrating solar power available or not for a total of 5 × 3 × 6 × 4 × 3 × 2 × 2 = 4,320 possible scenarios. Clearly, it is not possible to provide the results from all possible scenarios and instead we present here the results from representative scenarios that illustrate the important conclusions from the model. The twelve vehicle cost cases discussed here demonstrate the impact of different hydrogen storage, fuel cell stack, and battery costs on the lowest cost fuel-vehicle choices in a carbon constrained world. Table 1 contains the cost values for the twelve cases. Case #1 assumes a hydrogen storage cost of $2,500/GJ, a fuel cell stack cost of $65/kW, and a battery cost of $300/kWh. Cases #2-7 explore the impact of hydrogen storage cost over the range $500-4,500/GJ. Cases #8-10 explore the impact of fuel cell stack costs over the range $45-125/kW. Finally, cases #10-12 explore the impact of battery costs over the range $150-450/kWh. All cases discussed here assume a NG-ICEV storage cost of $1,150/GJ. The incremental costs given in Table 1 are estimated for the technologies in their -mature‖ state.
As described in Section 2, the GET-RC6.1 model includes energy use in all sectors and in all regions. It is impractical to present the results for energy use in all sectors from the different cases. Our focus is on understanding the system dynamics that may influence the choice of light-duty vehicle and fuel technologies in a future carbon-constrained world. We present the aggregate global light-duty vehicle choices and the global primary energy supply results. However, we note that in addition to the results that we will present below, the model is optimizing (for lowest global system cost) the choice of technologies used in all other transportation modes (air, road, rail, sea) for both passengers and freight, in electricity production, and heat generation (selecting from the different available primary energy sources). Figures 3-6 contain results from the different model runs. The results shown are the lowest cost solution to meet a given CO 2 stabilization target given certain technology costs and availabilities as outlined for light-duty vehicles in Table 1 and in the text below. Figure 3 . Global light-duty passenger vehicle fleet (millions) and primary energy supply for vehicle technology cost case #1 and consistent for scenarios without a CO 2 constraint (top panels), with CO 2 stabilization at 500 ppm (middle panels) and with CO 2 stabilization at 450 ppm (bottom panels). Neither carbon capture and storage (CCS) nor concentrating solar power (CSP) were available in these scenarios. Global light-duty passenger vehicle fleet (millions) for vehicle technology cost cases #2-7, consistent with CO 2 stabilization at 450 ppm for cases in which the hydrogen storage cost was assumed to be either $500, $1,000, $1,500, $2,500, $3,500, or $4,500/GJ. See text for further details. Neither CCS nor CSP were available in these scenarios.
The left hand panels in Figure 3 show the global light-duty vehicle fleet over the time period 2010 to 2100. As discussed above, the demand for transportation by light-duty vehicles is assumed to be inelastic, and hence, the total vehicle fleet is the same in each of the cases investigated. The different segments of the light-duty vehicle fleet show the global contribution from the different vehicle-fuel technologies. The right hand panels in Figure 3 show the total global primary energy used over the time period 2010 to 2100. Note that the primary energy supply figures are expressed in direct equivalents. While the demand for transportation, electricity, and heat is inelastic, the energy conversion pathways (with their differing associated energy efficiencies) to provide these services vary from case to case. The top panels in Figure 3 show the lowest cost solution to providing the global demands for transportation, electricity, and heat without a CO 2 constraint. The middle two panels in Figure 3 show the lowest cost solution with a 500 ppm CO 2 constraint. The bottom two panels in Figure 3 show the lowest cost solution with a 450 ppm CO 2 constraint. As shown in the top right hand panel for Figure 3 , in the absence of any CO 2 constraint, the model selects to use large amounts of coal because it is inexpensive. Since conversion efficiencies are rather low for coal-based fuels and no advanced efficient vehicle technologies are used, the total primary energy used is higher in the case without a CO 2 constraint than in the cases with a CO 2 constraint. . Global light-duty passenger vehicle fleet (millions) for vehicle technology cost cases #4, 11 consistent with CO 2 stabilization at 450 ppm for cases in which the battery cost was assumed to be either $150 or $300. Neither CCS nor CSP were available in these scenarios.
We reiterate the caveats mentioned above. The model is not designed to forecast the future development of the global energy system. The results are not predictions of the future light-duty vehicle fleet. However, we believe that the results described provide useful insights into the system dynamics which are likely to be present in a future carbon-constrained world and which can be used to inform decision makers. Figure 3 illustrates the impact of the CO 2 constraint on the lowest-cost light-duty vehicle and fuel technologies and primary energy sources. CCS and CSP are not available in these runs. The top two panels show the lowest-cost solution when no CO 2 constraint is applied. As seen from the top left hand panel in Figure 3 , light-duty vehicles are run largely on petroleum-based products until about 2070 when the use of petroleum declines giving way to GTL and CTL fuel. In the absence of a CO 2 constraint, the lowest-cost solution to providing the demanded mobility is to use conventional ICEVs powered by petroleum then GTL and CTL. The small yellow sliver in Figure 3 that appears at 2080-2100 reflects the use of biofuel, which following the depletion of oil and natural gas, becomes the most cost-effective option in parts of the world where fossil fuel availability is limited (e.g., in South America).
CO 2 Targets
The middle two panels in Figure 3 , show the result when a 500 ppm CO 2 constraint is imposed. The bottom two panels show the result for a 450 ppm constraint. As the severity of the CO 2 constraint is increased from 500 ppm to 450 ppm, conventional petroleum ICEVs are replaced a few decades earlier by more efficient petroleum based HEVs.
Our finding that petroleum-fueled ICEV technology dominates for at least the 2010-2050 period for a 500 ppm stabilization target (see middle left hand panel in Figure 3 ) is consistent with results from Azar et al. [9] and Turton and Barreto [16] . Takeshita and Yamaji [32] ran a linear cost-minimizing energy model with a CO 2 stabilization target of 550 ppm by the year 2100 and with a business as usual scenario. For the 550 ppm scenario, they reported substantial (approximately 25% in 2100) use of BTL technology, while CTL/GTL was dominant for business as usual in 2100. These results are broadly consistent with our findings. Gül et al. [21] used a MARKAL-based energy systems model to analyze competing energy carriers for Western Europe's transportation sector. In their CO 2 reduction scenario (reduction from 1990 of 50% by 2050 and 75% by 2100), the car sector is dominated by gasoline/diesel (first in ICEVs, then HEVs and to a small extent also PHEVs) with hydrogen-fueled FCVs becoming dominant by 2100. These are consistent with our findings (see Figure 3 ) in which petroleum-fueled ICEVs dominate initially and are replaced first by HEVs/PHEVs and then by hydrogen-fueled vehicles (ICEVs or FCVs).
Vehicle Technology Costs
Figures 4-6 illustrate the impact of assumptions regarding future hydrogen storage, fuel cell stack, and battery costs, respectively. In all cases, we show the composition of the global light duty vehicle fleet from 2010-2100 for the lowest cost solution that meets a 450 ppm CO 2 stabilization target. In the following sections, we illustrate the sensitivity of the model results to cost assumptions for various vehicle components. It should be noted that in each of these illustrations the costs of other vehicle components are held fixed. Figure 4 shows the results using vehicle cost cases #2-7 (see Table 1 ) in which the hydrogen storage cost was varied over the range $500-$4,500/GJ with all other parameters held constant (fuel cell stack cost = $95/kW, battery cost = $300/kWh, natural gas storage cost = $1,150/GJ, and neither CCS nor CSP available). It might be perceived as odd that we examine the effect of variation of hydrogen storage costs over a wide range but retain a single fixed natural gas storage cost. If the same technology were chosen to store both gases then it would be inappropriate to assume a fixed cost to store natural gas but a wide range of costs to store hydrogen. By comparing results from cases #2-7 we implicitly assume that different technologies are used to store the two gases.
Hydrogen Storage Cost
As illustrated in the bottom right hand panel F of Figure 4 , at the highest hydrogen storage cost considered ($4,500/GJ, case #7), hydrogen fueled vehicles were not part of the lowest cost solution. Instead, the model chooses to replace conventional petroleum fueled ICEVs over the period 2030-2060 with electrified vehicles (HEVs and PHEVs) fueled with petroleum. Natural gas powered ICEVs are also selected in substantial volumes. In approximately 2070, PHEVs fueled by CTL, GTL, and BTL begin to enter the fleet in large numbers and become dominant by approximately 2100 (see panel F). As shown in panel E in Figure 4 , when the hydrogen storage cost is lowered to $3,500/GJ hydrogen, ICEVs appear (albeit in relatively modest volumes at the end of the century) in the lowest cost solution. Progressing through panels D to A in Figure 4 , it can be seen that further lowering the cost of hydrogen storage results in progressively earlier introduction and increased volumes of hydrogen powered ICEVs in the global fleet. Figure 5 shows the results obtained using vehicle cost cases #1, 8-10 (see Table 1 ) in which the fuel cell stack cost was varied over the range $45-$125/kW with all other parameters held constant (hydrogen storage fuel cell stack cost = $2,500/GJ, battery cost = $300/kWh, natural gas storage cost = $1,150/GJ, and neither CCS nor CSP available). Figure 5 illustrates the impact of assumptions regarding the fuel cell stack cost on the lowest cost vehicle/fuel technology choices in meeting a 450 ppm CO 2 stabilization target in the absence of either CCS or CSP. As illustrated in the bottom two panels C and D in Figure 5 , hydrogen fuel cell vehicles (H2 FCVs) are not cost competitive with hydrogen internal combustion engine vehicles (H2 ICEVs) for fuel cell stack costs ≥$95/kW, and hence, hydrogen fuel cell vehicles are not selected by the model in these scenarios. Comparing panels B and C, it can be seen that fuel cell vehicles become competitive when the fuel cell stack cost is $65/kW. Lowering the fuel cell stack cost further to $45/kW results in H2 ICEVs being uncompetitive, and the model selects large volumes of H2FCVs beyond approximately 2050 (see panel A). Figure 6 shows the results obtained using vehicle cost cases #4 and 11 (see Table 1 ) in which the battery cost was set at either $150 or $300/kWh with all other parameters held constant (hydrogen storage cost = $1,500/GJ, fuel cell stack = $95/kW, natural gas storage cost = $1,150/GJ, and neither CCS nor CSP available). With decreased battery price, and hence decreased vehicle cost, PHEVs become more attractive. With a battery cost of $300/kWh, PHEVs do not make a major contribution to the lowest-cost result. The left panel in Figure 6 shows that PHEVs become a dominating cost-effective solution for battery costs at the low end of the range investigated ($150/kWh).
Hydrogen Fuel Cell Stack Cost

Battery Cost
CCS and CSP Availability
The availability of CCS and CSP can have a profound influence on the lowest-cost passenger vehicle fuel and technology choice in a carbon-constrained world. Figure 7 shows the results for vehicle cost case #12 with three combinations of CCS and CSP availability. The top two panels in Figure 7 show the lowest cost solution when neither CCS, nor CSP, is available. The middle two panels in Figure 7 show the lowest cost solution when CCS is available but CSP is not available. Finally, the bottom two panels in Figure 7 show the lowest cost solution when both CCS and CSP are available.
The availability of CCS (compare middle two panels with top panels in Figure 7 ) extends the use of conventional petroleum-fueled ICEVs by a few decades, results in the use of some ICEVs and HEVs fueled by biofuels and CTL/GTL, and delays the introduction of hydrogen (produced from coal with CCS). As seen by comparing the top and middle right hand panels, when CCS is made available, the model chooses to greatly increase the use of coal (with CCS) at the expense mainly of solar photovoltaic (PV). The model also chooses to employ CCS with biomass. The mechanism at work is that CCS provides relatively inexpensive low-CO 2 electricity and heat from coal, which prolongs the use of traditional ICEVs. The availability of CCS leads to coal displacing biomass (biomass is a limited resource that is scarce in the carbon constrained scenarios) in the heat sector, allowing increased production of transportation fuel from biomass (when CCS is not available, biomass is used mostly to provide heat). While CCS enables the production of much cheaper hydrogen (from coal instead of solar), the overall importance of hydrogen decreases reflecting the fact that CCS enables non-transport sectors to realize more emission reductions at a lower cost than in the transport sector.
When CSP is also made available (see bottom two panels in Figure 7 ), CSP-generated electricity (see bottom right hand panel in Figure 7 ) is used in the global energy system (although not in transportation), which displaces the small amount of solar-hydrogen in the middle right hand panel in Figure 7 . This makes biomass, which would otherwise go to the stationary sectors, available for conversion into biofuel for vehicles that ultimately displace hydrogen (see increased biofuel [BTL] and decreased hydrogen sections in bottom left hand compared to middle left hand panel in Figure 7 ). Global light-duty passenger vehicle fleet (millions) and primary energy supply for case #12 vehicle technology costs and consistent with CO 2 stabilization at 450 ppm for scenarios in which neither carbon capture and storage nor concentrating solar power are available (top panels), where carbon capture and storage is available but concentrating solar power is not available (middle panels), and where both carbon capture and storage and concentrating solar power are available (bottom two panels).
Conclusions
Planning a sustainable mobility strategy is a complex undertaking. Economic, social, and environmental pillars of sustainability need to be addressed and within each pillar several elements need consideration. The impact on climate change is a key factor in environmental sustainability. The development of a strategy that addresses climate change is challenging because of the multitude of different vehicle and fuel technology combinations that are available in the transport sector, the uncertainties in the future costs of advanced vehicle technologies, and the importance of connections between the different energy sectors. The global energy model used here has been developed in several steps. The original model was presented in 2003 [9] , it was later regionalized [10, 11] and then expanded with a more detailed transportation sector [12] as a tool to aid decision makers in the development of sustainable personal mobility. We present results from the model that illustrate two major findings. First, there is no identifiable -silver bullet‖ vehicle or fuel technology for sustainable mobility. As illustrated in Figures 4-6 , varying the costs of future vehicle technology over ranges that we believe to be reasonable (taken from government and industry research and development targets) leads to large differences in the resulting lowest cost solutions. It is too early to pick winners, and the prudent approach is to follow a portfolio strategy with research and development of multiple fuel and vehicle technology pathways. Second, in a carbon constrained world, recognizing and accounting for the connections between the energy sectors is important, and the strategy needs to be robust to developments in the other energy sectors. In all scenarios considered in our present and previous [11] [12] [13] work there is no single vehicle or fuel technology which dominates throughout the century and typically several vehicle-fuel technology combinations contribute significantly. The diversity of technology combinations in Figures 1-5 highlights the need for research and development of multiple technologies.
The practical ramifications of this analysis are illustrated in the portfolio approach to providing sustainable mobility adopted by the Ford Motor Company. Ford offers an all-electric vehicle, plug-in hybrid electric vehicles, hybrid electric vehicles, and 17 flexible-fuel vehicle models across global platforms. Ford produces vehicles that can be converted to run on compressed natural gas (CNG) and liquefied petroleum gas (LPG) and is continuing laboratory-based research and development of technologies necessary to commercialize hydrogen fuel cell vehicles. Ford's portfolio strategy is informed by analyses such as that presented above and provides customers with a variety of vehicle choices with sustainable technologies and alternative fuel options to meet their driving needs [33] .
